INTRODUCTION
The albumin component is, by reason of size and net charge and concentration, chiefly responsible for plasmas osmotic activity ( 1) . 2 The validity of Starling's hypothesis in the dynamics of water balance in conditions associated with hypoproteinemia has been the subject of considerable recent discussion. The basic experimental problems involved have been considered by some of us in other publications (2, 3) and by many other authors (4) (5) (6) (7) (8) (9) (10) (11) .
The present senior authors, at first separately and now in collaboration, have had the problem of the relation of edema to serum colloid osmotic pressure under experimental observation in a wide variety of clinical situations. We have constantly faced the question: Do we have to measure colloid osmotic pressures, or can we predict from total protein and protein distribution data (usually readily available on metabolic ward patients) with sufficient accuracy to suit our thinking? For although many recent workers have made direct measurements, a certain amount of think- ' This study was ing has been based on colloid osmotic pressures so predicted.
That plasma albumin levels in hypoproteinemic states, whether done by the Howe method (12) or, as has been the case in our more recent studies, by the electrophoretic method (13) , can be correlated with osmotic pressures with sufficient precision to elucidate the dynamics of water balance between plasma and interstitial fluid is by no means certain from the recent literature. For example, the conclusion of Keys, Taylor, Mickelsen, and Henschel (14) that the osmotic pressure falls within the normal range in experimentally produced nutritional edema, an opinion based in part on electrophoretic measurements, is at variance with the low osmotic pressures measured directly by Govaerts (15) in war nutritional edemas.
Of the many studies in the last fifteen years (e.g., [16] [17] [18] [19] [20] [21] [22] ), two may be taken to illustrate representative and sound approaches to the problem in presenting empirical linear equations relating measured osmotic pressures to albumin levels determined by the Howe method over a wide range of values on individual human sera. That of Wells, Youmans, and Miller (21) (24) is as good as, if not better than, the reproducibility reported by Wells, Youmans, and Miller. Moreover, comparative freedom from systematic errors (when schedule of work permits satisfactorily long equilibration times) has been shown by successful use in the determination of average molecular weights of purified plasma fractions (25) .
The question then arises as to whether the difficulty in achieving close correlation with osmotic pressures does not arise from the nature of albumin and globulin measurements on sera. Thus, whereas in our hands the conventional Howe method yields results quite reproducible in the moderate hypoalbuminemia encountered in Laennec's cirrhosis, and good correlation with electrophoretic results has been achieved (26) , in the extreme hypoalbuminemias of the nephrotic state we have not been able to attain either this degree of reproducibility or as clear a correlation with the more reproducible electrophoretic measurements (12) . Scatchard, Batchelder, and Brown (27) have proposed a relation between osmotic pressure, total protein concentration, and uncorrected electrophoretic distributions of albumin and globulin, based on measurements on normal pooled human plasma.
We have been interested in whether the reproducibility of electrophoresis (given the arbitrary nature of its analysis) together with Scatchard's relation would yield predictability over a wide range of osmotic pressures and protein distributions associated with certain disease states. In the low pressure range we have studied ascitic fluids of Laennec's cirrhosis in addition to serial sera of three patients with the nephrotic syndrome undergoing spontaneous diuresis induced by measles (28) . In the moderately depressed to normal pressure range, we have studied serial sera of seven patients with Laennec's cirrhosis, in addition to sera of normal controls and serial sera on one patient undergoing measles in the absence of nephrosis.
We have also been interested in whether the foloid osmotic pressure form of plot co vs. protein protein concentration concentration (p/c vs. c) might throw any light on the difficulties in correlating measured pressure, protein distributions, and clinical phenomena. We have carried out a number of dilution studies of this type on sera of patients with Laennec's cirrhosis, in the nephrotic phase of adult and childhood chronic glomerulonephritis, and of normal adults.
The electrophoretic distributions in the sera of normal and cirrhotic patients are uncorrected. We have simultaneously measured electrophoretic distributions and specific refractive increments in the sera of patients in the nephrotic state; the latter measurements were made because our previous studies on sera of patients in the nephrotic phase have shown that it is necessary to correct the electrophoretic data for the differences in refractive properties of the albumin and of the lipoproteins which comprise most of the remainder of the elec- corrections has been presented in previous papers (29, 30) .
METHODS
Serum samples, usually taken in the fasting state, were stored frozen at -10 C. until ready for analysis or studied at once. (Osmotic pressures of some individual sera, before and after freezing, were identical within the limits of the method.)
Osmotic pressures were measured directly in the modified Hepp osmometer in equilibrium with .15 M sodium chloride, in a thermostatically controlled bath at 250 C. Membranes of appropriate permeability were prepared of nitrocellulose, according to the method of Pierce (31) .
The most satisfactory membranes for our purposes have had a 4 to 1 ethylene glycol nitrocellulose ratio. (30) . Otherwise, nondialyzable protein nitrogen was determined by a modification of the method of Pregl (33) . The weight of the total protein, exclusive of bound lipid, was estimated by using the conventional nitrogen factor of 6.25. 4 8 Sera with visible lipemia from nephrotic patients were centrifuged at 18,000 r.p.m. in the cold, and the solutions underlying the surface fatty layer were taken for study. 4 The contribution of this protein to the refractive increment of the protein-lipid combination was estimated by use of a value of 1.17 X 10' (in terms of grams of nitrogen Electrophoretic analyses were carried out in sodium diethylbarbiturate buffer, pH 8.6, ionic strength of 0.1, in the Tiselius apparatus.
Where refractive indices were measured for correction of electrophoretic distributions, serum aliquots of approximately 8 cc. (whose volumes were known to within .05 cc.) were placed in tight cellophane sacks and dialyzed against 0.3 M sodium chloride. The contents of the sack per liter of solution). These values for nitrogen factor and specific refractive increment have been found in general to be characteristic of such proteins as albumin and 'V-globulin, whose lipid content in the natural state is small. The remainder of the refractive increment has been assumed to be due to protein-bound lipid, and the amount of the latter, in grams per 100 cc., can be estimated by use of a specific increment of 1.40 X 10', in terms of grams per liter of solution, obtained by application of the LorentzLorenz equation (34) , in form for binary mixtures, to the data of Dorinson, McCorkle, and Ralston (35) . These estimates given in Table I Refractive indices of the sample and of the dialysate were measured and specific refractive increments (AN! AN (Gm. prot. nitrogen/liter) X 10) were calculated and applied to electrophoretic distributions as previously described (30) .
RESULTS
The relation of serum colloid osmotic pressure to refractometrically corrected electrophoretic protein distribution during spontaneous remissions of severe nephrosis In Figure 3 are presented the electrophoretic Schlieren diagrams of plasmas before, at the beginning of, at the end of, and four months after a typical measles induced diuresis of a nephrotic child. (These plasma diagrams show the fibrinogen component, which is missing from the sera reported in the tables.)
The initial patterns are characterized by very low albumins and gamma globulins, with corresponding elevations of the lipid-rich alpha and beta components. The progression of changes during diuresis closely follows the pattern observed by us (26) in spontaneous diuresis of the nephrotic stage of adult chronic glomerulonephritis, namely a progressive rise both in albumin and gamma globulin, with a diminution in the alpha-beta components and in fibrinogen (which contributes little, by reason of its high molecular weight, to the colloid osmotic pressure). The follow-up diagram four months after inoculation shows a further progression toward an albumin component normal in relative amount, but rather broad in distribution of mobilities, and a persistent reduction of gamma globulins.
In Table I are presented the detailed data on the sera of three patients clinically undergoing the same sequence of events.
A comparison of the uncorrected with the corrected albumin levels shows that the latter are considerably greater than the former.
The relation given by Scatchard and his coworkers is as follows: [36] for a typographical error in the original publication [27] .)
In Table II are given osmotic pressures as measured directly and as calculated by this equation.
The calculated values by no means fall with uniformity within + 5 mm. H20 of the experimental values (a range within which, with careful work, our experimental values are reproducible). At the end of diuresis associated with the nephrotic state, the calculated values are notably too low. If electrophoretic distributions uncorrected for refractive increments are used, deviations are even larger.
By simple algebraic transposition of Scatchard's relation, the expression P I -(4+ .9PH)c) is linear in g; the intercept being unity and the slope being the proportionality coefficient (taken from measurements on normal plasmas and albumin as -.68). This linearity implies the assumption of uniform average molecular weights and equivalent effects on pressure of protein-protein interaction for both albumins and globulins. In Figure 4 the values of this expression (based on the direct measurements of pressure in Table  II ) are plotted against g (based on corrected electrophoretic distributions). Although the points show considerable scatter, for g > .8 the available data are also consistent with a slope less, algebraically, than -0.68; moreover, most of the experimental points lie above the predicted line.
The relation of serum colloid osmotic pressure to uncorrected electrophoretic protein distribution of serum and ascitic fluid in hejpatic cirrhosis
In Figure 5 are plotted (in fashion identical with Figure 4 ) experimental points for 27 sera For description of this plot see the text. Laennec's cirrhosis. In Figure 6 the osmotic pressures of the same sera of Figure 5 are plotted against the albumin concentrations of these sera in the fashion used by many to calculate regression equations by the method of least squares. The data show so much scatter that such a calculation seems of little value. The scatter is not improved by introducing more complicated functions of the concentrations of the various electrophoretic components (instead of the albumin concentration) as ordinate.
If, however, on Figure 6 a line is drawn from the origin through the two normal values furthermost on the extreme right, one is struck by the fact that the points for most osmotic pressures over 230 mm. of water for sera of patients with Laennec's cirrhosis lie below this line, while for those pressures between 100 and 230 most of the points lie above the line. Indeed, if one eliminates from consideration all the ascitic fluid points, it would appear that in our cirrhotic patients the same range of albumin levels are found associated with quite low osmotic pressures as with pressures in the high range. The problem thus posed is illustrated even more strikingly by the serial determinations of osmotic pressures, the serum albumin levels, and serum gamma globulin levels which are plotted against time for a single cirrhotic patient in Figure 7 . This patient showed striking improvement on intensive dietary therapy over a period of half a year on our metabolic service. Toward the beginning of therapy (March-April) the serum (25, 37 cules with each other and with salts. For most protein fractions prepared from sera of normal subjects, the slope B plot has proved positive in sign, though variable in magnitude according to the proteins and the conditions of study (25) .
The literature on p/c plots of sera from patients with certain disease states is sparse. Wells, Youmans, and Miller (21) positive slope in their early publication. In Figure We, therefore, renewed investigation of the intercepts and the slopes of p/c vs. c plots in the following situations: a) single serum specimens from five cirrhotic patients chosen for severity of edema and ascites; b) single serum specimen from a cirrhotic patient chosen because of extreme hyper-gamma globulinemia despite absence of edema and ascites ;" 5 We are indebted to Dr. Murray Franklin of the Cook County Hospital, Chicago, Illinois, for making these sera available for study. c) twelve sera and three preparations of unfractionated urinary protein from eight patients in various stages of the nephrotic syndrome; d) as controls we studied the proteins of sera of the normal male and of samplings from preparations of normal human serum albumin for pyrogen testing by the Commission on Plasma Fractionation.
In Figure 9 are plotted experimental points (in duplicate when available) for plasma from normal patients (top), for a patient with nephrosis in recent remission (middle), and for a patient with severe nephrosis (bottom). The average molecular weights corresponding to the intercepts on the left are given at right of the figure. The value for unfractionated normal plasma proteins (95,000) is in good agreement with previous findings (90,000) (27) .
The proteins of the serum of the patient in the nephrotic phase of glomerulonephritis in moderate remission have an average molecular weight of about 160,000; the proteins of the patient in the severe nephrotic phase have an average molecular weight greater than 400,000. The range (between 160,000 and 830,000) of the sera from the 580.000 k nephrotic patients is consistent with the known presence of large quantities of ,8-lipoproteins (of molecular weight greater than 1,000,000 when separated from normal plasma [38] ). That little of this high molecular weight protein gets into the urine is further confirmed by a maximum average molecular weight of 84,000 for the unfractionated urinary proteins recovered from our severest nephrotic patient. (Molecular weight of serum albumin from a normal patient is 69,000 [27] ; several samples of the product available for intravenous human use give an average molecular weight of 73,000 in our hands.) For all sera of nephrotic patients and for the urinary proteins, the slopes (B) of all the p/c plots (comparable to those of Figure 9 ) have been positive, though for sera showing high average molecular weights the magnitude of the slopes has been somewhat less than that seen in either sera of normal subjects or urinary proteins.6 This indicates that in sera of nephrotic patients, as for the ,8-lipoproteins separable from sera of normal patients, there is no dissociation of this type of macromolecule with dilution." 6 This finding is consistent with the small positive slopes previously noted for crude preparations of normal iS-lipoproteins. 7 In this series of experiments we endeavored to compare immunochemically determined albumin levels with The p/c plot (together with the total protein level and electrophoretic distributions) for the cirrhotic patient with extreme hyper-gamma globulinemia is illustrated in Figure 10 and is representative of our results with the cirrhotic group. In this patient the average molecular weight (135,-000) is not very different from that (140,000) expected for a mixture of eighteen parts of molecular weight 69,000 and 65 parts of 160,000 (this ignores the 17 parts contributed by the alpha and beta globulins in the electrophoretic diagrams). This value, however, is the largest average molecular weight encountered in six cirrhotic patients so studied. For the five water-logged cirrhotic patients, average molecular weights lay between this and the figure for the normal patients. Though values predicted from albumin and gamma globulin levels were consistently greater than those measured, average molecular weights were never sufficiently great to yield an explanation of findings for the patient illustrated in Figure 7 in terms of the presence of large quantities of macromolecules of uncorrected electrophoretic albumin levels in order to get an estimate (using the normal molecular weights for the albumin and gamma globulin components) of the average molecular weights of the combined beta and alpha globulins. However, because we encountered sufficient difficulty with the optical measurement of end points in immunochemical titrations of these sera, we consider the comparison and subsequent calculations unreliable. Likewise, the slopes of the p/c plots of the cirrhotic group were consistently positive, thus yielding no explanation in terms of dissociation of macromolecules with dilution. Unfortunately, at the time this phase of our study was undertaken no early sera from the patient of Figure 7 remained.
DISCUSSION
The data here presented give clear indication that a comparatively recent empirical relation between osmotic pressure and electrophoretically determined albumin and globulin levels may not fit the data in the instance of the hypoproteinemia of various stages of the nephrotic syndrome as well as do older relations based on salting out determinations even though laborious refractometric corrections are carried out (39) .
The situation for uncorrected electrophoretic data in Laennec's cirrhosis seems little better.
Taken in the light of the known heterogeneity, from the standpoint of size, shape, and net charge, of the proteins which in an electric field migrate in one component, these results are not surprising. Thus, for example, Oncley, Scatchard, and Brown (25) show that the alpha globulin component of serum from normal subjects contains a protein much closer in molecular weight to the normal serum albumins than to the normal gamma globulins. On the other hand, the lipid rich component of alpha-2-globulin has a molecular weight higher than the average molecular weight for serum gamma globulin.
If there is this much heterogeneity in the proteins of plasma from normal subjects, so, also, during the course of the clinical hypoproteinemias, there may well be shifts in the various molecular species of protein responsible for osmotic pressure (40, 41) without comparable shifts in either gross salting out or electrophoretic distributions.8 8 In studies on albumin metabolism in hypoproteinemic states, where albumin levels, rather than osmotic pressures, become of interest, the electrophoretic method as modified by corrections for refractive increments has a real advantage in reproducibility over solubility methods in the presence of very low albumin levels. Quite frequently, clinicians have sent to us sera of nephrotic patients with hypoproteinemia which have aroused interest by anomalously high albumin-globulin ratios in hospital It is perhaps disappointing that the intercepts and slopes of the p/c vs. c plots have not yielded the basis for the shifts of pressure without comparable electrophoretic shifts which we have seen clinically. We do plan to continue this exploration, particularly on serial sera of cirrhotic patients with very low osmotic pressures at the initiation of study. For it is possible that such sera will yield sufficient discrepancy between expected and measured average molecular weights; or between expected and measured slopes of the p/c plot, to warrant fractionation procedures aimed at purifications of components responsible for unusual osmotic properties.
It is, however, our feeling on the basis of studies here reported that in experimental work aiming to relate forces governing either equilibrium, or a steady state of flow, of water across a capillary membrane, the wisest course in hypoproteinemic conditions is to measure the osmotic pressure directly until such time as there has been accumulated a detailed knowledge of the size and charge of the various proteins encountered in each clinical condition associated with hypoproteinemia. Direct measurements of osmotic pressure, on a set of osmometers simultaneously operated in a single thermostat bath, can be carried out without undue expense of time.
Thus we have not extended our own electrophoretic-refractive increment-osmotic pressure measurements to a larger series and tried to fit other empirical equations, for it has seemed to us a priori unlikely that the same empirical equation can be used with sufficient accuracy on individual sera of varying hypoproteinemic etiologies. It takes a very small pressure gradient to move a great deal of water, given a big enough path; therefore, the accurate quantitation of small gradients is essential in the analysis of mechanism.
The significance of the time relations of these and other osmotic pressure measurements to movements of water in nephrotic, cardiac, cirrhotic, and other water-logged patients will be discussed in subsequent papers from this group.
SUMMARY
In the course of a series of direct osmotic pressure measurements on individual sera of nephrotic laboratories. These sera on electrophoresis have invariably shown the characteristic pattern of the nephrotic state.
children undergoing spontaneous diuresis induced by measles, simultaneous determinations of protein nitrogen, electrophoretic distribution, and protein specific refractive increments have been carried out on a small group of sera, in order to see whether, with the most accurate possible use of the electrophoretic technique, a recently proposed relation for osmotic pressure of normal pooled plasma in terms of albumin and globulin levels can be applied. The results indicate that the relation gives a good correlation with measured pressures in the low pressure range, but in the intermediate range the predicted pressures are much lower than the measured and the discrepancies much larger than the reproducibility of the osmotic pressure method.
In a series of sera and ascitic fluids of cirrhotic patients studied by uncorrected electrophoresis, predictability of measured osmotic pressures proved not much better.
In serial sera from a patient with severe cirrhosis showing clinical improvement, osmotic pressure doubled without significant shifts in serum levels of electrophoretic components.
No evidence for either significant quantities of unusually large non-lipid bearing globulin molecules, nor of dissociation of larger complexes with dilution, could be obtained from intercepts or slopes of pressure vs. concentration plots in a concentration small group of water-logged cirrhotic patients. Average molecular weights predicted from normal weights of electrophoretic albumins and gamma globulins, together with the distributions for certain disease states, proved only slightly higher than measured average molecular weights of the proteins of these sera.
Similar plots of sera from nephrotic patients gave evidence of high average molecular weights (range 160,000 to -830,000) varying with the stage of the syndrome. There was no evidence of dissociation of such aggregates with dilution.
These plots have not disclosed, but do not rule out, the existence of proteins of unusual osmotic properties as suggested by osmotic pressure measurements on certain patients with severe hypoproteinemia and edema.
It is concluded that in the extreme states of hypoproteinemia, where accurate balance between osmotic forces is needed for representation of the dynamics, direct measurements cannot be obviated.
